ABSTRACT
INTRODUCTION
Transposon mutagenesis is a powerful tool for generating new alleles and is characterized by a number of exceptional features (6) , in particular, easy detection of mutations at the DNA level, making it indispensable when mutations cannot be detected by phenotypic selection. Recently, several successful strategies to use polymerase chain reaction (PCR) for the detection of novel insertions of the transposable P element in cloned genes of the fruit fly Drosophila melanogaster have been reported (1, 4, 6, 7, 9) . The most straightforward approach involves mobilization of a P element by classical genetic techniques followed by detection of novel transposon insertion sites through amplification of genomic DNA between a gene-specific and a P-elementspecific primer (1, 7, 9) . Frequently, two factors seriously limit the sensitivity of detection of specific genomic sequences by PCR: (i)the PCR is performed on pools of genomic DNA in which a mutated sequence/allele to be amplified is diluted by an excess of wild-type genomic DNA and present at a very low concentration; and (ii)in many cases, a large number of spurious bands representing a mixture of specific and nonspecific amplified sequences appear on gels (7) . Furthermore, to date, the greatest distance detected between an element and a known genomic sequence, that is the maximum length of amplifiable genomic DNA, is only about 1 kb (1, 7, 9) . Recently, much effort has been put into increasing the sensitivity of detection of putative novel insertion sites by improving "singlefly" PCR conditions (5) , an approach which is, of course, much more expensive and time-consuming than analysis of pools of flies. As one of our objectives in an attempt to generate mutant alleles of the DrosophilaLarval serum protein-2( Lsp-2 )gene, we needed to take the "pooled-fly" approach to rapidly screen large numbers of flies. Hence, we wished to design a technique that would reliably and reproducibly detect amplified fragment lengths of greater than 5 kb in genomic DNA isolated from one heterozygous fly carrying a novel transposon insertion site or mutant allele within a pool of 100 wild-type flies carrying no sequences detectable by PCR. With the recent advent of long-PCR systems (2,3) such a strategy appeared entirely feasible.
The input for PCR analysis is a pool of flies heterozygous for new P-element insertions. To identify putative new P-element insertions in or around the gene of interest, PCR with a P-element-specific primer and a gene-specific primer is performed on genomic DNA prepared from a pool of flies. If, as a result of P-element transposition, the two primers now flank an amplifiable DNA sequence (in other words, if their annealing sites are close enough), then, after PCR, the band on the gel will indicate not only the transposition event but also the exact location of the insertion within or around the gene. We followed a previously reported strategy for screening mutants (1,7) with a general outline as follows: mutated individual flies are selected and analyzed by PCR in pools of 50 or 100 flies; if a specific, reproducible signal is present as a PCR product, it is confirmed by Southern blot analysis using a genespecific probe; the pool of flies (or their progeny) is then dissected by single-fly PCR to identify the fly possessing either a mutated allele of or a novel Pelement insertion site near the gene of interest. We report here a model procedure for optimizing PCR conditions to achieve these goals.
MATERIALS AND METHODS
All the chemicals, unless otherwise stated, were from Sigma Chemical (St. Louis, MO, USA).
Isolation of Genomic DNA
Flies (50) were homogenized in 650 µ L of Lysis buffer (30 mM Tris-HCl, pH 8.5, 10 mM EDTA, 60 mM NaCl, 100 µ g/mL proteinase K, 1% sodium dodecyl sulfate [SDS], 1 mM CaCl 2 , 1 mM spermidine, 1 mM spermine). The resulting slurry was incubated at 55°C for 30 min and then extracted twice with PCI (phenol:chloroform:isoamyl alcohol 25:24:1, equilibrated with TE buffer, pH 8.0) and once with CI (chloroform:isoamyl alcohol 24:1). An equal volume of 5 M LiCl was added, the mixture kept on ice for 15 min and then centrifuged for 10 min at 14 000 rpm. Nucleic acids in the supernatant were precipitated with 2 vol of 100% ethanol for 5 min at room temperature then recovered by centrifugation. The pellet was washed with 70% ethanol and dried. Nucleic acids were resuspended in 200 µ L of 10 mM Tris-HCl, pH 8.0 and 10 mM EDTA. RNase A (Sigma Molecular Biology Grade) was added to a final concentration of 100 µ g/mL. The mixture was incubated at 37°C for 30 min. The volume was then adjusted to 400 µ L with water, and two PCI extractions followed by two CI extractions were performed. DNA was precipitated with 1/2 vol of 7.5 M ammonium acetate and 3 vol of 100% ethanol for 10 min at room temperature and pel -leted again. The pellet was washed with 70% ethanol and air-dried. Genomic DNA was resuspended in TE buffer, pH 8.0. Regular yield per fly is 150-200 ng. DNA purified by this procedure is amplifiable when present at template concentrations of 100 pg to 2 µ g per 100 µ L reaction. Moreover, further purification with Microcon ® Concentrators (Amicon, Beverly, MA, USA) does not improve amplification efficiency.
PCR
A 50-or 100-µ L amplification reaction contained: 5 U TaqDNA Polymerase (Promega, Madison, WI, USA), 5U of TaqExtender ™ PCR Additive (Stratagene, La Jolla, CA, USA), 200 µ M of each dNTPs (Pharmacia Biotech, Piscataway, NJ, USA), 100 pmol of each primer, 100 ng of genomic DNA and 1 × TaqExtender buffer (Stratagene). "Hot start" with AmpliWax ® (Perkin-Elmer, Norwalk, CT, USA) was performed. Cycling: following a first denaturation step of 3 min at 94°C, 35 cycles: 40 s at 94°C; 1 min at 68°C; 7.5 min at 72°C. Two final cycles were performed: 1 min at 94°C; 1.5 min at 68°C; 12 min at 72°C, followed by a final extension: 15 min at 72°C. One-tenth or one-fifth of the reaction was analyzed by electrophoresis through an 0.7% agarose gel. Annealing temperature optimization experiments were carried out on a RoboCycler ® Gradient 40 Temperature Cycler (Stratagene). Routine amplifications were run on a GeneAmp ® 2400 PCR System (Perkin-Elmer). Oligonucleotide primers were prepared on an Expedite ™ 8905 Nucleic Acid Synthesis System (Millipore Bioscience Division, Bedford, MA, USA).
Primers used:
(ii)CycA gene-specific primers (31-mers): CycAl: 5 ′ -CCTT GCTCA TCT -CA ACGGA TTCCA TCATA GC-3 ′ ; CycAs: 5 ′ -ATCC ACCAA GACAT GAGCA ACAAG GAGAA TC-3 ′ .
Mutagenesis Protocol
To generate mutant alleles of the Drosophila Lsp-2gene, a basic genetic scheme was used (9).
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RESULTS AND DISCUSSION
As a model system for adjusting PCR conditions for long templates, we used the Drosophilastrain, CycA-, a mutant for the cyclin-Agene, carrying a P-element insertion in intron 1 (11, 12) . Two CycAgene-specific PCR primers (upstream and downstream of the P-element insertion) were chosen to give approximately 150-bp (CycAs primer) and approximately 5400-bp (CycAl primer) PCR products in combination with the P-element-specific primer (Figure 1) . Amplification of the 5400-bp fragment from a homogeneous CycA -mutant DNA sample at 55°C (annealing temperature) was very efficient ( Figure 2A ). However, switching to one heterozygous CycA-fly within a hundred wild-type ( CycA +) flies in one pool (1:200 dilution of amplifiable DNA within non-amplifiable DNA) made amplification of 5400-bp fragment impossible under the same conditions allowing amplification of the 150-bp fragment ( Figure 2B ). While optimizing the annealing temperature for long PCR, we found the optimal annealing temperature for the 5400-bp fragment to be 68°C, whereas amplification of 150 bp was possible within a much broader temperature range (Figure 3) . This result suggests that at annealing temperatures lower than 68°C, amplification of undetectable, nonspecific products may interfere with the synthesis of the larger target sequence. Under the same conditions, satisfactory amplification was achieved from "single-fly" DNA preparation according to Reference 3, although the amount of 5400-bp fragment was significantly lower but still detectable (data not shown). Such a narrow range of effective annealing temperature seems to be a major obstacle in tuning PCR conditions for detection of a large fragment in such diluted (1:200) samples. Obviously, primer design is critical to the success of long-fragment amplification. We determined several parameters and developed a test for primer suitability for such a purpose.
It is impossible to check directly if, during an actual screen for mutants, insertion of a transposon further than 5 kb from a given primer site in the gene to be mutated would create a large template amplifiable by the P-element and gene-specific primer pair under the particular annealing temperature and dilution conditions (determined by the number of flies tested in a pool). Therefore, we designed an indirect test of two critical parameters of the primer pair.
The test is intended to check, if at the same temperature, the following: (i) there is effective annealing of both primers to the corresponding primer sites (indicating their ability to mediate an amplification reaction) and (ii) if at the same annealing temperature the presence of both primers does not result in generation of nonspecific amplification products, which would compete with the synthesis of a long template (resulting from transposon insertion) more than 5 kb from a given gene-specific primer site, in only one fly of the pool. If at the same annealing temperature, the P-element-specific primer and gene-specific primer are tested in separate reactions taken in pairs with any other primers and yield predicted PCR fragments, then one can assume that the primers will be effectively extended at this same annealing temperature when used for amplification of other templates. Thus when the P-element insertion occurs in a vicinity of the gene of interest, these same primers should mediate amplification of the novel large DNA template they flank. The second part of the test may use the model of long template amplification under particular dilution conditions as described above. At the same annealing temperature, the gene-specific primer should not result in the generation of products competing with the synthesis of the specific 5.4-kb product when introduced into the reaction in which the 5.4-kb fragment is amplified with the P-element primer and CycAspecific primer from a template diluted in non-amplifiable DNA. Then, if a 1064BioTechniques
Vol. 21, No. 6 (1996) new transposon insertion were to occur at distances up to that tested in the model (5.4 kb) in one fly in a pool, the chances that the insertion would be detected using the gene-specific primer and P-element primer should be the highest. Obviously, for the first part of the test, a minimum of 2 gene-specific primers have to be designed to determine their optimal annealing temperatures. In our experiments, none of the specifically designed Lsp-2primers interfered with amplification of fragments, up to 6 kb in size, coming from one fly in a pool (1:100 dilution) at an annealing temperature of 68°C. Yet when taken in appropriate pairs, the primers were capable of amplifying large amounts of Lsp-2 sequences at the same annealing temperature (data not shown).
During the actual screening for insertions near the Lsp-2gene, we detected many local hopping events (amplification mediated by the P-element primer alone, Figure 1B ) in and around the cyclin-A gene, generating PCR fragments in the range of 100-6000 bp. In some cases, bands of up to 8 kb were detected. This observation indicates the reliability of long PCR detection, as technically, the origin of the jump (local or distant) does not matter as long as the band comes from a single fly. Figure 4 clearly shows that amplification of several lower molecular weight products still allowed detection of larger (5-6 kb) products. All the bands in Figure 4 were subsequently shown to come from a single fly in the pool and confirmed to be the results of local hops within the CycAgene by Southern blot analysis (data not shown). Should any of these bands have resulted from distant hops into the Lsp-2gene, they would have been as easily detected by the Lsp-2probe.
Local transposition of the DrosophilaP element can be a serious problem. When a new P-element insertion appears in close vicinity of the original insertion, by so-called "local hopping", then DNA sequences between the two P elements (the original and the new one) can be amplified with the P-element-specific primer alone, which is always present in the reaction (Figure 1 ). To resolve "local" from "distant" hops by PCR, different combinations of primers are used: P element alone to detect local hops, P element plus specific primer(s) for sequences at the original insertion site to detect local hops and P element plus specific primer(s) annealing to the target gene to be mutated to detect distant hops. Using the P-element primer alone, we detected by PCR an average of 6-8 local hopping events per 100 flies in which transposition was evident from eye-color changes. Hence, we combined 50 flies in one pool and repeatedly found that bands of 5 kb (coming from a single fly in a pool) are still detected when two or three bands of smaller size are also present. Thus, once the primer and PCR conditions have been optimized, one can assess the nature of the local hopping background for a given transposon insertion site and adjust conditions accordingly.
We suggest choosing as primers 28-mers to 31-mers with approximately the same 50% GC content. In case such conditions cannot be met, different combinations of primer GC content and length, but with similar predictable annealing properties, may be used. In designing primers, we also tried to make the last five to six 3 ′ nucleotides of each primer as similar as possible (ideally, Vol. 21, No. 6 (1996) BioTechniques 1065 identical) to ensure comparable stability of the 3 ′ ends of the primers. Furthermore, for our primers, with their particular GC content and lengths, we found a magnesium concentration of 2 mM in the reaction buffer to be quite suitable.
There is some evidence that magnesium cations are involved in enzymeprimer-template complex formation, in particular, in recognition of the phosphate groups on the primer (6). Given similarities in molecular structures and catalytic mechanisms amongst DNA polymerases of different origins (6, 8) , we had reason to assume that for primers of a given length and range of GC content, an optimal Mg 2+ concentration should be a constant parameter for TaqDNA polymerase. A further increase in length of template that is amplifiable may be achieved through optimization of salt concentration and use of different additives in the reaction buffer (3) . Increasing the sensitivity of long PCR detection of transposon insertions may be extremely helpful and reduce cost for screening protocols in which mutations are sought in very large genes with multiple and particularly large introns, for which little sequence information is available. Larger genomic target sites can be examined using fewer primers, thereby minimizing the amount of necessary sequence information and the number of costly reactions. The PCR optimization procedures proposed in this report can also help when a gene to be mutated or detected by transposon tagging is thought to contain no hot spots for a transposon insertion, necessitating screens of large numbers of flies far beyond practical limits. In such cases, it may be reasonable to envision mutagenesis in two stages. Having a transposon already somewhere outside but within a reasonable distance of the gene of interest may then provide an opportunity for successful local hopping (13) to generate a mutant allele. For a given gene length of 2 kb, the ability to detect an insertion 5-6 kb either upstream or downstream of the gene results in a significant increase in target size for mobilization of the transposon in the first stage of mutagenesis. This makes such a two-step strategy much more efficient than a random jumping strategy. 
